ABSTRACT. Various carbon structures, including carbon nanofilament (CNF), single-wall carbon nanotube (SWCNT), multi-wall carbon nanotube (MWCNT), and pyrolytic graphite sheet (PGS), were exposed in air to determine how they vary according to carbon structure and air temperature. CNF is the carbon structure used in accelerator mass spectrometry (AMS) radiocarbon dating (Santos et al. 2007) . When CNF and MWCNT were exposed in cold air (3 or -18 C) for longer than 6 hr, their 14 C/ 12 C ratio increased (>5 × 10 -14 ). When heated in an oven (200 or 250 C) for longer than 12 hr, their 14 C/ 12 C ratio decreased. However, when SWCNT and PGS were exposed in air cooled to 3 C for 12 hr, their 14 C/ 12 C ratio did not increase. This phenomenon is very curious, and is useful for the development of a storage method for carbon samples made by reduction reactions of CO 2 .
INTRODUCTION
When samples are stored for accelerator mass spectrometry (AMS) measurement (Hong et al 2010b) , contamination of the samples is of significant concern and interest. There are a variety of sample types in sample treatment procedures, including raw samples, chemically treated samples, and graphite samples reduced from CO 2 (Hong et al. 2010a) . Graphite samples reduced from CO 2 are the final type of sample, and their measurement value is directly affected by their degree of contamination. Therefore, contamination of graphite samples reduced from CO 2 should be carefully controlled and thoroughly studied.
Sometimes, background samples for 14 C/ 12 C measurement are highly contaminated, with 14 C/ 12 C exceeding ~5 × 10 -14 in our laboratory. We suspect that these phenomena are not common and do not occur in every laboratory. Various trials were performed, but no special conditions have been detected in our laboratory yet that would cause such results. While the understanding of high contamination phenomena remains limited, the special conditions resulting from high contamination rates in our laboratory are being investigated continuously. The results of this study will aid other researchers concerned with sample contamination.
Many factors of contamination have been identified, including air contamination, contamination of pelletizing tools, and contamination of tubes (PCR ® , PCR-05-C) for the storage of pelletized background samples. To check for contamination by the pelletizing tools, we used unclean pelletizing tools for pelletizing background samples; however, the measurement values of these background samples were below 5 × 10 -15 , and thus contamination of the pelletizing tools is not the main reason for high contamination of the background samples. Next, to check for contamination caused by the PCR tubes (PCR-05-C, 0.5 mL) for storing pelletized background samples, the 14 C/ 12 C ratio of the tubes was measured and the contamination level was found to be below 1 × 10 -14 . Thus, it would be difficult for the tube to contaminate the samples up to ~5 × 10 -14 . Therefore, we suspected that air contamination was the likeliest factor that could account for the high degree of contamination.
To clarify the effects of air contamination, background samples were exposed to cold and hot air for various exposure times (6, 10, 12, and 24 hr), and their 14 C/ 12 C ratios were then measured. To assess whether various samples types, including carbon nanofilament (CNF), single-wall carbon nanotube (SWCNT), multi-wall carbon nanotube (MWCNT), and pyrolytic graphite sheet (PGS), could be contaminated by air, samples of each were also exposed to cold air, and their 14 C/ 12 C ratios were measured to check the degree of their contamination due to the air. CNF is a type of graphite sample used for AMS measurement that is reduced from CO 2 with H 2 and an Fe catalyst (Santos et al. 2007 ). SEM and TEM images of the background samples in Figure 1 show that their structure is similar to the CNF.
EXPERIMENTAL PROCEDURE
Various types of carbon samples were used: background samples for AMS measurement and CNF, SWCNT, MWCNT, and PGS samples. Background samples were further classified into 2 types. One type was contaminated, with high 14 C/ 12 C ratios measured. The other type was not contaminated and therefore had lower 14 C/ 12 C ratios. For pyrolytic graphite sheets (PGS, Panasonic) purchased several years ago, the initial 14 C/ 12 C value had been about 1 × 10 -15 . Carbon nanofilaments (CNFs, Carbon Nano-material Technology Co. Ltd.
[CNT]), single-wall carbon nanotubes (SWCNTs, CNT), and multi-wall carbon nanotubes (MWCNTs, CNT) purchased recently were also prepared.
All of the background samples composed of graphite and Fe were pressed in a target holder and their pressed surface gleamed slightly. However, when the background samples were used for temperature experiments, as measured background samples were used, their surfaces were not clean and had scratches caused by the cesium ion beam. Two sets of SWCNT, MWCNT, and PGS samples were 595 pressed in the target holder without Fe and 2 sets of CNF mixed with Fe were also pressed in the target holder. Their surfaces did not gleam. One set of samples was used for measuring their original values and the other set was used for measuring the change in value after temperature experiments. All of the samples were inserted and stored in PCR ® tubes (PCR-05-C).
The 4 background samples with high ratios of 14 C/ 12 C were placed in an oven and exposed to hot air. Conditions of the experiment are listed in Table 1 . Taking caution to limit the air exposure, the samples were equipped in the AMS and the 14 C/ 12 C ratios of the samples were measured.
The 3 background samples having low 14 C/ 12 C values were placed in a refrigerator and exposed to cold air. Two samples for each PGC, CNF, SWCNT, and MWCNT were prepared. Four out of the 8 samples were placed in a refrigerator and exposed to cold air, and the others were measured without any treatment. The details of the experiment conditions are listed in Table 2 . Again, taking caution to limit air exposure, the cooled samples were equipped in the AMS, and the 14 C/ 12 C ratios of the samples were measured.
The 2 samples of CNF and MWCNT with high 14 C/ 12 C values that had been placed in the refrigerator were then placed in an oven set at 200 C for 12 hr. The conditions of this experiment are also listed in Table 2 . Taking caution to limit air exposure, the samples were equipped in AMS and the 14 C/ 12 C ratios of the samples were measured.
RESULTS AND DISCUSSION
From the data in Table 1 and Figure 2 , it can be seen that the 14 C/ 12 C ratios of the heated background samples, the heated MWCNT, and the heated CNF were reduced. When the temperature was higher and the heating time was longer, the degree to which the 14 C/ 12 C ratios were reduced increased. After the MWCNT and CNF with higher 14 C/ 12 C ratios were heated in air at 200 C for 12 hr, their 14 C/ 12 C ratios decreased further.
From these phenomena, it can be inferred that materials causing high contamination in the samples can easily reduced from the samples when subjected to high temperature, and that it takes more than 12 hr for the contaminants to be removed from the samples. Gases can be sensitive to temperature in terms of ease of removal from a given sample, whereas solids such as fine particles are not easily forced from the sample interior, and the speed of removal is not sensitive to temperature in the latter case. Therefore, there is a high possibility that the contaminant material is a gas such as CO 2 , CO, or CH 4 (Chen et al. 2005) .
From the data in Table 2 and Figure 3 , the trends for variation of 14 C/ 12 C ratios of the cooled samples differ according to the carbon structures. After exposure to cold air in the refrigerator, the 14 C/ 12 C Table 1 Experimental conditions are listed. 14 C/ 12 C ratios of before and after heating samples are also presented. After heating, the 14 C/ 12 C ratios of all samples decreased. ratios of the background samples (CNF structure), the CNF and MWCNT, became very high, but the 14 C/ 12 C ratios of the PGS and SWCNT samples exposed to cold air did not change considerably.
The 14 C/ 12 C ratio of the background sample (TBg110241) was very high at (4.7534 ± 0.0733)10 -13 . Therefore, the 14 C/ 12 C ratio of a contaminant might be very high, and the contaminant may be a 14 Cenriched material. If it was not a 14 C-enriched material but rather a modern material, its adsorption Figure 2 After heating the samples, 14 C/ 12 C ratios in all samples decreased Table 2 Experimental conditions and 14 C/ 12 C ratios of samples before and after cooling. After cooling, the 14 C/ 12 C ratios of CNF and MWCNT samples increased, but the 14 C/ 12 C ratios of SWCNT and PGS samples did not change significantly. 597 ratio might be ~50%, or only 14 C would be adsorbed selectively. All factors should be considered, but the material that has influenced the 14 C/ 12 C ratio of the background sample seems to have consistently been a 14 C-enriched material. However, it is thus far unclear why the PGS and SWCNT samples did not adsorb the 14 C-enriched materials, in contrast with the CNF and MWCNT samples.
CONCLUSION
From our experiment and results, we conclude that the contamination material's phase is gaseous because of its lengthy removal time (>12 hr) and its faster removal when exposed to higher temperature. Carbon structures also affect the amounts of contamination source gas that are adsorbed. The PGS and SWCNT samples hardly adsorbed the contamination source gas, whereas CNF and MWCNT samples adsorbed the contamination source gas very well. The molecular formula and identity of the contamination source gas and the reason and process of this contamination are important issues that need to be addressed in future research. Figure 3 After cooling the samples, (a) shows that the 14 C/ 12 C ratios of CNF and MWCNT increased, but (b) shows that the 14 C/ 12 C ratios of SWCNT and PGS scarcely increased.
